Background: Enarodustat (JTZ-951) is an oral hypoxia-inducible factor prolyl hydroxylase inhibitor that mimics adaptive responses to hypoxic conditions and may provide a new therapeutic approach for managing anemia in patients with chronic kidney disease (CKD). We evaluated the efficacy, safety, and maintenance dose of enarodustat in anemic patients with CKD not on dialysis. Methods: Erythropoiesisstimulating agent (ESA) naïve patients (correction group) and patients on a stable dose of ESA (conversion group) were randomized to receive 2, 4, or 6 mg of enarodustat or placebo once daily for 6 weeks in a double-blind manner (Period 1) followed by 24 weeks of open enarodustat treatment to maintain their hemoglobin (Hb) levels within a target range of 10.0-12.0 g/dL in reference to a dose adjustment algorithm (Period 2). Results: In the correction group, Hb level increase rate per week increased in a dose-response manner. The proportion of subjects in the conversion group who maintained Hb levels within ± 1.0 g/dL of baseline did not differ between each enarodustat arm and placebo arm during Period 1. Over 70% of subjects in both groups maintained Hb levels within the target range at the end of treatment in Period 2. The mean prescribed doses were 3.58 and 3.74 mg/day in the correction group and the conversion group, respectively. Enarodustat was associated with decreases in hepcidin and ferritin and increased total ironbinding capacity and was generally well tolerated. Conclusions: Enarodustat corrects and maintains Hb levels in anemic patients with CKD not on dialysis.
Introduction
Renal anemia, a common complication of chronic kidney disease (CKD), mainly results from reduced erythropoietin (EPO) production by the kidney [1] and other factors including altered iron metabolism [2] and shortened erythrocyte lifespan [3] . Renal anemia is an independent risk factor for CKD progression and cardiovascular disease [4] [5] [6] and is therefore an important therapeutic target in patients with CKD.
Erythropoiesis-stimulating agents (ESAs) are a standard therapy for renal anemia; however, administration of ESAs with a high hemoglobin (Hb) target or in high dosage may be associated with an increased risk of cardiovascular events and mortality [7] [8] [9] [10] . Moreover, injection of ESAs is painful, and administration of ESAs may contribute to increased risk of infection, especially in patients with CKD not on hemodialysis.
EPO production is regulated by hypoxia-inducible factor (HIF) [11, 12] . The activity of the HIF-α subunit is regulated by prolyl hydroxylase (PH) domain-containing protein, the activity of which is suppressed under hypoxic conditions, resulting in stabilized HIF-α [13, 14] .
HIF regulates the expression of genes encoding hepcidin, which is involved in iron absorption and homeostasis. Regulation of hepatic hepcidin mRNA expression has been reported in transgenic mice in which HIF has been stabilized [15] .
The HIF-PH inhibitor enarodustat (JTZ-951) is an orally available agent for treatment of anemia by stabilizing HIF-α in the kidney and liver and increasing endogenous EPO production. Moreover, it is expected that enarodustat stimulates erythropoiesis by improving iron absorption and utilization by stabilizing HIF-α. A Phase 2a clinical study in Japanese patients with CKD not on dialysis showed that taking enarodustat for 6 weeks in escalating doses of 1-5 mg increased Hb levels from baseline without safety concerns [16] . The objective of the current Phase 2b study was to evaluate the efficacy and safety of taking enarodustat in doses of 2-8 mg for up to 30 weeks as both initial and maintenance therapy for anemia in Japanese patients with CKD not on dialysis.
Materials and Methods

Study Design
This study was conducted at 54 institutions from May 2015 to September 2016 and consisted of a 4-week screening (Scr) period, 30-week treatment period, and 2-week follow-up period. The study design is a randomized, double-blind, placebo-controlled, parallel-arm comparison study to assess short-term efficacy and safety during the first 6 weeks of the treatment period (Period 1); and an open-label, uncontrolled, intraindividual dose-adjustment study to assess long-term safety and maintenance dose of enarodustat in the subsequent 24 weeks (Period 2). The study cohort consisted of anemic patients with CKD not on dialysis. These patients were divided into 2 groups: a correction group, comprising ESA-naïve patients (ESA not received for ≥12 weeks before Scr Visit 1); and a conversion group, comprising ESA-treated patients (stable ESA treatment for ≥8 weeks before Scr Visit 1).
For Period 1, subjects were randomly assigned to enarodustat 2, 4, or 6 mg, or placebo once daily for 6 weeks in a ratio of 1: 1: 1:
1. In Period 2, enarodustat was taken once daily for 24 weeks at a starting dose of 2 mg (Hb level at Week 6 of > 12.0 and < 13.0 g/dL) or 4 mg (Hb level at Week 6 of ≥8.0 and ≤12.0 g/dL), with subsequent doses adjusted every 4 weeks within 2-8 mg to maintain Hb levels within the target range (10.0-12.0 g/dL). Treatment was suspended if Hb reached ≥13.0 g/dL.
The study was registered with the Japan Pharmaceutical International Center (JapicCTI-152881) and was conducted in compliance with the ethical principles of the Declaration of Helsinki, the protocol, and the Guidelines for Good Clinical Practice of the Japanese Ministerial Ordinance, and was approved by the Institutional Review Board of each participating study site. All patients provided written informed consent prior to participation.
Subjects and Treatment
Eligibility criteria for Period 1 were aged ≥20 years, CKD not on dialysis (estimated glomerular filtration rate < 60 mL/ min/1.73 m 2 ), mean Hb level at Scr Visit 1 and 2 weeks later (Scr Visit 2) of 8.0-10.5 g/dL for the correction group, and 9.5-12.0 g/ dL for the conversion group. Patients who had received an erythrocyte transfusion or undergone surgery involving massive blood loss within 12 weeks before Scr Visit 1 and those suspected of having anemia caused by noninfectious chronic inflammatory disease were excluded. Further details of eligibility criteria are summarized in online supplementary Materials (for all online suppl. material, see www. karger.com/doi/10.1159/000496929).
Subjects who completed Period 1 entered Period 2 if their Hb level at Week 6 was ≥8.0 and < 13.0 g/dL.
During the Scr period and Period 1, intravenous iron preparations were prohibited and oral iron preparations were permitted only if they had been used before Scr Visit 1; however, a change in dose regimen was prohibited. During Period 2, iron replacement therapy was permitted as considered necessary.
Assessments
The primary endpoint in Period 1 was Hb level increase rate per week for the correction group and proportion of subjects who maintained a change from baseline Hb level within ± 1.0 g/dL at the evaluation point for the conversion group. Baseline was defined as the value at Week 0 for the correction group and the mean value at Scr Visit 1, Scr Visit 2, and Week 0 for the conversion group. Hb level at the evaluation point was the average of the last 2 Hb levels for the conversion group (i.e., end of Period 1 treatment and the previous time point).
Efficacy assessments in Period 2 included the time-course of Hb levels, proportion of subjects who maintained Hb levels within the target range (≥10.0 and ≤12.0 g/dL), mean prescribed dose, and number of dose adjustments. No primary endpoint was set for Period 2.
Safety assessments included adverse events (AEs) occurring after the start of treatment, laboratory findings, vital signs, standard 12-lead electrocardiogram, chest X-ray, and fundoscopy.
In addition, iron-related parameters were assessed.
Statistical Analysis
All analyses were performed using SAS version 9.3 or higher (SAS Institute, Cary, NC, USA).
It was assumed on the basis of previous clinical studies [16] that the mean Hb level increase rate would be 0, 0.1, 0.25, and 0.4 g/dL/ week in the placebo, 2, 4, and 6 mg arms, respectively, with a SD of 0.35 g/dL/week. Based on these assumptions, the number of subjects necessary for one-way analysis of variance with 2.5% onesided significance level, 90% detection power, and contrast of monotonic increase (-3, -1, 1, 3) was determined as 15 per arm, resulting in a sample size of 20 subjects per arm in the correction group, allowing for withdrawals. Again on the basis of previous clinical studies [16] , it was assumed that 10% of subjects in the placebo arm and 70% of those in the enarodustat arm would maintain an Hb level within the range of baseline ± 1.0 g/dL. Based on these assumptions, the number of subjects necessary for Fisher's exact test with 2.5% one-sided significance level and the 90% power of detection was determined as 16 per arm, resulting in a sample size of 20 subjects per arm in the conversion group.
The efficacy full analysis set (FAS) in Period 1 comprised subjects who received the study drug and were assessed for efficacy at least once for the correction group and at least twice for the conversion group. The FAS in Period 2 comprised subjects assessed for efficacy at least once in Period 2. The safety population consisted of subjects who received the study drug and were assessed for safety at least once.
The primary endpoint in the correction group was assessed by a trend test for monotonic increase (contrast: -3, -1, 1, 3) using a mixed effect model with treatment arm and treatment arm-bytime interaction as fixed effects and intercept and time as random effects (significance level: 2.5%, one-sided). For secondary analysis of the primary endpoint, the least squares mean was determined for each treatment arm, and the least squares mean of inter-arm difference from the placebo arm and its 95% CI and p value were determined. Adjustment for multiplicity was not performed. The primary endpoint in the conversion group was assessed by comparing the placebo arm with each enarodustat arm using Fisher's exact test (significance level: 2.5%, one-sided). Adjustment for multiplicity was performed by permutation testing. For the conversion group, the proportion of subjects with an Hb level at the evaluation point within ± 1.0 g/dL of baseline was analyzed as post hoc analysis using Fisher's exact test to demonstrate differences in proportions of subjects in the enarodustat 2 and 4 mg arms than in the other 2 arms.
Iron-related parameters in each group were assessed in the safety population only. Post hoc analysis was performed to compare changes in each iron-related parameter from Week 0 to Week 6 between the placebo and each enarodustat arm using a Wilcoxon rank sum test (significance level: 5%, 2-sided). Given that this was an exploratory investigation, adjustment for multiplicity was not performed.
AEs reported between the start of study treatment and completion were coded using MedDRA/J version 18.0 and tabulated.
Results
Study Subjects' Characteristics
Ninety-four subjects in the correction group and 107 in the conversion group were randomized to receive placebo or one of the 3 enarodustat arms. One subject in the conversion group was withdrawn after randomization but before the initiation of study treatment and therefore excluded from the FAS and safety population, whereas 3 more in the conversion group were assessed for efficacy less than twice and therefore excluded from the FAS. Thus, 94 subjects in the correction group were included in the FAS and safety population and 103 and 106 in the conversion group in the FAS and safety population, respectively. Period 1 was completed by 77 subjects in the correction group and 97 in the conversion group.
Period 2 included 77 subjects in the correction group and 90 in the conversion group; 66 and 77 subjects, respectively, completed Period 2.
Relevant subject characteristics according to group are shown in Table 1 and a subject disposition in online supplementary Figure S1 .
Primary Endpoint (Correction Group, Period 1)
Mean Hb level at baseline was 9.81 ± 0.63 g/dL in the placebo arm, 9.69 ± 0.76 g/dL in the enarodustat 2 mg arm, 9.77 ± 0.74 g/dL in the 4 mg arm, and 9.32 ± 0.67 g/ dL in the 6 mg arm. Hb level increase rate per week (least squares mean ± SE) estimated using the mixed effect model was -0.023 ± 0.034 g/dL/week in the placebo arm, 0.137 ± 0.034 g/dL/week in the 2 mg arm, 0.193 ± 0.034 g/dL/week in the 4 mg arm, and 0.440 ± 0.037 g/dL/week in the 6 mg arm, showing a dose-related response to enarodustat by trend testing (monotonic increase; p < 0.0001).
The inter-arm difference in the least squares mean in rate of increase in Hb level estimated using the mixed effect model was 0.160 g/dL/week in the 2 mg arm, 0.216 g/ dL/week in the 4 mg arm, and 0.464 g/dL/week in the 6 mg arm, showing a significantly higher rate of increase in Hb level in all enarodustat than placebo arm (2 mg, p = 0.0015; 4 mg and 6 mg, p < 0.0001).
Primary Endpoint (Conversion Group, Period 1)
The mean Hb level at baseline was 10.73 ± 0.61 g/dL in the placebo arm, 10.89 ± 0.57 g/dL in the enarodustat 2 mg arm, 10.73 ± 0.71 g/dL in the 4 mg arm, and 10.53 ± 0.63 g/dL in the 6 mg arm. At the evaluation point, 54.2% of subjects in the placebo arm, 80.8% in the enarodustat 2 mg arm, 70.4% in the 4 mg arm, and 50.0% in the 6 mg arm maintained Hb levels within ± 1.0 g/dL of baseline; these differences were not significant. Post hoc analysis using Fisher's exact test indicated a statistically significant difference in the proportion of subjects with an Hb level within the baseline value ± 1.0 g/dL at the evaluation point between the enarodustat 2 mg and 4 mg arms and the other 2 arms (p = 0.0112).
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Maintenance of Hb (Period 2)
In both groups, 24-week enarodustat treatment with dose adjustment maintained Hb levels within the target range of 10.0-12.0 g/dL (Fig. 1) . At the end of treatment, 71.4% of subjects in the correction group and 78.9% in the conversion group maintained Hb level within the target range. For the subjects assigned to the placebo arm in Period 1 and moved to Period 2, the target range maintenance rate was 39.1% in the correction group and 43.5% in the conversion group at Week 6. When placebo was switched to enarodustat, the rate increased to 77.3 and 73.9% in each group at Extension (Ext) Week 4 (4 weeks after the start of Period 2 treatment) and remained at ≥70% thereafter.
The mean prescribed dose in Period 2 was 3.58 mg/day in the correction group and 3.74 mg/day in the conversion group. Drug compliance in Period 2 was 98.8% in the correction group and 98.6% in the conversion group. No dose adjustment was required in 37.7% of subjects in the correction group and 25.6% in the conversion group during Period 2. Additionally, more than 70% of subjects in both groups required fewer than 2 dose adjustments.
Iron-Related Parameters
The time courses of change in iron-related parameters in Period 1 are shown in Figure 2 . Iron-related parameters at Week 0 (baseline) are shown in online supplementary Table S1 .
Hepcidin and ferritin decreased and total iron-binding capacity (TIBC) increased in the enarodustat arms. Post hoc analysis showed that the changes in hepcidin, ferritin, and TIBC at Week 6 were significantly greater in 
Safety
No deaths occurred during this study. In Period 1, 33 of 71 (46.5%) subjects receiving enarodustat and 8 of 23 (34.8%) receiving placebo in the correction group, and 21 of 80 (26.3%) subjects receiving enarodustat and 5 of 26 (19.2%) receiving placebo in the conversion group developed AEs. Serious AEs (SAEs) in Period 1 were reported in one subject receiving enarodustat 4 mg (peripheral arterial occlusive disease) in the correction group, and one receiving enarodustat 2 mg (bronchitis bacterial), 2 receiving 4 mg (one retinal detachment, one renal cyst infection), and one receiving placebo (sinus arrest, renal failure, and cardiac failure) in the conversion group. All SAEs in Period 1 were considered unrelated to the study drug. Increases in enarodustat dose were not associated with increases in SAEs.
AEs reported in at least 5% of subjects in any group after taking enarodustat, and all SAEs reported after taking enarodustat are summarized in Table 2 . SAEs were reported in 5 subjects in the correction group and 12 in the conversion group after taking enarodustat. Of all SAEs, causal relationships with the study drug could not be excluded for bone cancer or deep vein thrombosis.
There were no clinically significant changes in laboratory findings, vascular endothelial growth factor (VEGF), EPO, vital signs, standard 12-lead electrocardiogram, chest X-ray, fundoscopy, estimated glomerular filtration rate, or urine protein.
Discussion/Conclusion
In Period 1, enarodustat increased Hb levels in a doseresponse manner in the correction group. Out of 23 subjects in the enarodustat 6 mg arm in the correction group, 11 subjects discontinued the study due to the Hb-related discontinuation criterion (i.e., Hb increases > 2.0 g/dL in 4 weeks; online suppl. Fig. S1a ), which suggested that the recommended initial dose is considered to be less than 6 mg in CKD patients who are not on ESAs. In the conversion group, the proportion of subjects with an Hb level within baseline ± 1.0 g/dL after switching from an ESA in each enarodustat arm did not differ significantly from that in the placebo arm. As shown in the Figure 1b , the Hb levels at Week 6 increased with dose, resulting in the primary endpoint in the enarodustat 6 mg arm tended to be lower than those in other 2 enarodustat arms. However, post hoc trend testing of maintenance of Hb level showed a statistically significant difference between the 2 and 4 mg arms and the other 2 arms. Thus, a relationship between enarodustat dose and Hb response was found. In Period 2, Hb levels were maintained within the target range at each observation after Ext Week 4 in ≥70% of subjects by adjusting the dose of enarodustat in the range of 2-8 mg on the basis of Hb level. Furthermore, more than 70% of subjects required one or no dose adjustment during Period 2.
While the efficacy and safety of ESAs treating patients with anemia associated with CKD have been established, enarodustat has unique characteristics in that it can be stored at room temperature and taken orally, avoiding the pain associated with injections in general.
Hb level at the Ext follow-up visit (2 weeks after Ext Week 24) was lower than in Ext Week 24, suggesting that the effect of enarodustat on Hb is attenuated within 2 weeks and that Hb levels above the upper limit of the target control range decrease rapidly after drug withdrawal. Patients receiving ESA therapy are exposed to EPO concentrations beyond physiological variations. Furthermore, patients with ESA hypo-responsiveness require higher ESA doses, likely increasing the risk of cardiovascular events [17] [18] [19] . In contrast, a 15-day multiple dose study in subjects undergoing hemodialysis showed that enarodustat increased Hb level together with physiological and dose-dependent increases in EPO concentrations without apparent accumulation after repeated doses [20] . In the present study, EPO concentrations also remained within a physiological range across enarodustat arms.
During the course of the study, 13 subjects had an AE of hypertension, all of which were considered subjects' underlying disease or worsening thereof. No AEs of hypertension were reported in subjects without complication of hypertension. No increases in mean systolic or diastolic blood pressure were observed during treatment in the safety population (data not shown).
In Period 1, enarodustat-treated subjects showed a tendency toward having lower hepcidin and ferritin and higher TIBC than those receiving the placebo. Although the mechanism of hepcidin suppression remains obscure, these results suggest that enarodustat may induce effective iron utilization. Functional iron deficiency is a target of concerns in anemic patients with CKD. In such patients, chronic inflammation may lead to increased hep- cidin production [21] [22] [23] , inhibiting the uptake and mobilization of iron. Patients with CKD receiving ESAs are prone to iron deficiency because of increased demand for iron to support erythropoiesis; iron deficiency is the commonest cause of hypo-responsiveness to ESA therapy [24] [25] [26] . Given the changes in iron-related parameters observed in this study, enarodustat may support erythropoiesis by using available iron stored in the body. However, the comparative effects of enarodustat and ESAs on iron metabolism require further investigation. Regarding safety, no apparent evidence of a dose-dependent increase in the incidence of AEs was observed.
Because HIF regulates VEGF expression, HIF stabilization may enhance it [27] , thus contributing to angiogenesis-related diseases such as diabetic retinopathy and cancer [28] . As with other HIF-PH inhibitors, the present study showed no change in plasma VEGF after enarodustat treatment [29, 30] . AEs considered attributable to enhanced VEGF expression should be profiled in Phase 3 studies on the long-term safety of enarodustat.
No active comparators were used in the study. However, a relationship between enarodustat dose and Hb response was found in the Period 1 in which placebo-controlled design was employed. In addition, Hb levels should be maintained within a target range during the maintenance therapy for renal anemia. Results obtained during the Period 2 revealed that Hb levels could be maintained within the target range when a dose of enarodustat was adjusted based on Hb levels. Thus, the findings in the study enable us to design the ongoing Phase 3 studies including comparative studies with an ESA.
In conclusion, enarodustat ameliorates renal anemia and maintains adequate Hb levels via dose adjustment in patients with CKD not on dialysis, and is well-tolerated. Effects on iron-related parameters suggest that enarodustat improves iron utilization. The efficacy and safety of enarodustat will be further examined in an ongoing Phase 3 studies including an ESA comparative study.
